Effects of minor addition of reactive elements (Ce, Hf, La, Y and Zr) on the structural and dynamical properties of liquid chromia were investigated by the ab-initio molecular dynamics approach. The calculation results show that minor doping of reactive elements has a significant effect on the diffusivity of chromium and oxygen ions. It is observed that Hf and La are the most efficient elements in retarding the diffusion of chromium and oxygen, Ce and Y are the secondarily efficient, while Zr is the least efficient. The relative bonding strength between doping elements and oxygen was found to be in descending order of Hf-O>Zr-O>(Ce,Y)-O>La-O, which could be estimated from the major peak intensity of pair correlation functions or the value of mean residence time. Our calculation results are in satisfactory agreement with those obtained from experimental measurement and thermodynamical database. The mechanism regarding the effects of reactive element on diffusivity was further analyzed in view of possible factors: ionic size, bonding strength, and ionic weight. It turns out no sole factor could be responsible for the relative efficiency of reactive elements, and a novel evaluation parameter combining these factors was proposed. 66.10.cg, 61.20.Ja, 47.11.Mn, 
Introduction
The Cr 2 O 3 scale provides great protection against the oxidation of a variety of Crcontaining alloys from low temperatures up to about 700 ℃, such as the Fe-Cr based stainless steels and the Ni-Cr based superalloys. However, at temperatures above 700 ℃ the vaporization of Cr and spallation of Cr 2 O 3 scale take place and reduce its protectiveness [1] [2] [3] . It has been demonstrated through extensive experiments [2] [3] [4] [5] [6] [7] [8] [9] [10] that the addition of a minor amount of reactive elements (REs) such as Ce, Y, La, etc. often leads to a significant improvements of the oxidation resistance of the base alloy at elevated temperatures, which was termed as the "reactive element effect" [5] [6] 9 . The reactive element effect has been widely applied to industrial applications under high temperature conditions, for example, the interconnect for solid oxide fuel cells and the bond coating system for turbine blades. Several mechanisms have been postulated in the literature [5] [6] [7] .
These include a finer oxide morphology, an improved scale-metal interface and a modification of oxidation kinetics. About two decades ago, Stringer et al 5 assumed to a first approximation that the effect of different REs appears to be the same. However, recent studies, such as those conducted by Ramanathan et al 2 and Fontana et al 10 , indicate that this effect is not universal, but depend on the nature of both reactive elements and base alloys. To date, the mechanisms through which the reactive element effects are produced are not yet fully understood [8] [9] and the optimization of REs addition has still been a matter of trial and error. The primary goal of the current work is to evaluate the relative efficiency of different REs on slowing the diffusion process within the chromia scale.
It has been widely accepted that the oxidation kinetics cannot be explained by bulk diffusion as the main mode of transport, rather they are probably controlled by grain boundary diffusion [11] [12] [13] [14] . The diffusivities of chromium and oxygen in the grain boundary are measured to be 10 3~1 0 6 times higher than those in the bulk lattice 13 . Meanwhile, the doped REs have been observed to segregate into the grain boundary 2-3, 5, 11 . Experimental observations 3, [6] [7] 10 reveal that the doping of REs changes the diffusion mechanism during the chromia scale formation from outward diffusion of chromium ions to inward diffusion of the oxygen ions. However, the relative efficiency of different REs in this process has not yet been analyzed and classified in depth, and theoretical studies are still not sufficient.
In the present work, the effects of a select group of reactive elements on the diffusivity and atomic-scale structure of liquid Cr 2 O 3 were studied by the ab-initio molecular dynamics (AIMD) approach. There are several considerations that motivate us to choose liquid state Cr 2 O 3 as the research prototype rather than a certain type of grain boundary of polycrystalline Cr 2 O 3 .
One is that the structure of an actual grain boundary is so complex that it cannot simply be represented by a single type of grain boundary model, such as the one based on the concept of coincident site lattice. It has been reported on various systems, including semiconductors, metals, and ceramics (such as aluminum oxide, zinc oxide, silicon nitride and etc.), at high temperature, the nano-scale grain boundary complexion with high interfacial energy becomes disordered and exhibits a universal, highly confined, liquid-like structure, as evidenced by both experimental and theoretical studies [15] [16] [17] [18] . Thus the structure of a high-temperature grain boundary could be considered to be closely related to a supercooled liquid, in which the diffusion mechanism is analogous to that in the liquid state. Another consideration is that the state-of-art AIMD technique has been demonstrated to be powerful and straightforward to reveal the structural and transport properties of liquid phases [19] [20] [21] [22] [23] , which calculates interatomic forces on-the-fly based on the density functional theory (DFT) and does not require a priori knowledge of an empirical model potential, which is a critical problem for classical molecular dynamics simulation.
Computational methods
The AIMD calculations in this work are performed by employing the Vienna ab initio simulation package (VASP) [24] [25] 28 . Two precision schemes are introduced in our AIMD calculations: one is the high precision scheme for calculating exact external pressure in a short run and the other is the low precision scheme for a long production calculation run. Within the low precision scheme, we use only Γ point to sample the Brillouin zone and an energy of 300 eV to cut off the plane wave basis. Within the high precision scheme, we adopt a denser 2×2×2 K-points generated by the Monkhorst-Pack 29 method and a higher cutoff energy of 520 eV. The timestep and the thermostat are carefully chosen so that a small total energy drift (<10 meV/atom/ps) is maintained during the equilibrium run. [19] [20] [21] [22] [23] , and the detailed procedures are as follows: firstly, the initial configuration is relaxed for 2000 MD steps within the low precision scheme; secondly, we apply several small isotropic volume strains to the last configuration obtained above, and then run 300~500 MD steps in the high precision scheme for each supercell with a volume strain to derive the exact external pressure; thirdly, the pressure-volume data are fitted by a quadratic polynomial and the volume corresponding to zero pressure is taken as the equilibrium volume at that temperature. A long production run is finally carried out for 18 ps within the low precision scheme for the configuration with the adjusted volume obtained from the above calculation.
During the intermediate stage, a cooling rate of 6.7×10 13 K/s is used to cool the liquid from the higher temperature to the lower one. Six thousand configurations are collected at each temperature, the first five hundred ones are removed when analyzing the diffusion properties, and the last two hundred ones are used for structural analysis.
Results and discussions

Structural properties
In a molecular dynamics simulation, the pair correlation function and the bond pair analysis technique serve as two important tools to gain insight into the structural disorder and structural evolution of the liquid state.
Pair correlation function
The pair correlation function is defined as the probability of finding one atom at the radius of r when taking another atom as the center compared to a homogeneous distribution and is given by the following [31] [32] Besides deriving the information of bonding strength from the first peak intensity of the pair correlation function curve, one can also obtain the bonding length from the position of the first peak and the partial coordination number from the integration of the first peak as follows,
where r cut is the cutoff distance defined by the first minimum position of g AB (r), and ρ Β the average atomic density of B. The average of the first minimum positions of g AB (r) of all the three temperatures is used to determine the cutoff distance. The calculated values are listed in Table along with the experimental coordination numbers of α-Cr 2 O 3 with rhomohedral structure taken from Belokoneva et al 33 . remarkably, which is consistent with the analyses from the pair correlation function curves above.
Dynamical properties
The self diffusion coefficient of atoms in liquid could be derived from the mean square displacement (MSD) based on Einstein's relation or from the velocity autocorrelation function (VACF) based on Green-Kubo relation [31] [32] .
The time-dependent mean square displacement for Α atoms is defined as (3) where the sum goes over all A atoms, t 0 is an arbitrary time origin and the angular brackets denote a thermal average or equivalently an average over time. According to Einstein's relation, the mean square displacement is linear in t for random walk of atoms and the slope is proportional to the diffusion coefficient D A of atom A:
where C A is constant. A linear fitting of least square regression is performed on the mean square displacement curve to obtain the diffusivity. However, no obvious oscillation on the curves of Cr can be observed, indicating that much less collisions occur between Cr atoms. This also implies that Cr ions are preferably surrounded by the oppositely charged O ions, consistent with the structural analysis in the section above. One can also find out that the diffusivities of O are larger than those of Cr for both pure and REdoped systems, which is in line with the results from tracer diffusion experiments using isotopes by Sabioni et al 36 
Discussions
As mentioned in the first section, it has been reported that there are structural similarities between liquid and high-temperature grain boundaries, and therefore it is reasonable to assume that the diffusivity and the effects of reactive element in these two states are similar to some degree. In the following, the observed effects of doped REs on the diffusivity in liquid Cr 2 O 3 will be discussed from the atomic scale, in terms of the ionic size, the bonding strength between cation and oxygen, and the ionic weight. . Therefore, the ionic size is not the sole factor in determining the effect of reactive element on diffusivities of ions.
Ionic size and coordination number of doping elements
Bonding strength between cation and oxygen
Both the diffusion along grain boundaries and in liquid states involves the breaking of bonds between cations and oxygen, and thus the bonding strength could be a very important factor for considering the effects of reactive elements. In the current AIMD simulations, the bonding strength could be evaluated from the first peak intensity of the RE-O pair correlation Table III . As discussed by Kim et al. 39 , in general, the higher values of T m and ΔH m indicate the stronger bonding between cation and oxygen. From Table III, one can see that the sequence of bonding strength between RE and oxygen estimated from our molecular dynamics simulations is consistent with that estimated from ΔH f , though ZrO 2 and Where, C is a constant, the bonding strength S could be represented by the mean residence time or the first peak intensity of pair correlation function, and coordination numbers N are the number of oxygen ions in the first neighboring shell of respective reactive elements, as shown in Table . On the other hand, how to combine various factors to understand the effects of reactive element is a long-standing open issue 5, 8 . Based on the above analysis, we attempt to bring forward an effective parameter ε to combined the factors discussed in current work as,
To demonstrate the validity of this parameter, we show the diffusivities of oxygen in the various RE-doped systems at different temperatures as a function of ε in FIG. 8 . It can be seen that the overall tendency is reasonable: with the increase of ε, the diffusivity of oxygen decreases, which means the better efficiency of reactive element. Although there are some fluctuations along with the linear trend, which is probably due to the statistical accuracy of MD calculations. At each temperature, the La and Hf elements have the largest ε values, the Zr has the smallest one, while Ce and Y are in between, which are in correspondence with our former evaluation of the efficiency of reactive element in view of diffusivity data. But compared to the diffusivity data, the parameter ε is much easier to calculate and more feasible to guide the selection of doping elements in practical applications.
Summary
The effects of doping reactive elements Ce, Hf, La, Y and Zr on the local structure and ionic diffusivities in liquid Cr 2 
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